Background-Hemorrhage is associated with ischemic complications in cardiac patients. The nature of this relationship in surgical patients is unknown. Methods and Results-We examined the association between major perioperative hemorrhage and stroke or myocardial infarction among adults who underwent surgery from 2005 through 2009 at centers participating in the National Surgical Quality Improvement Program. We excluded patients with emergent, trauma-related, transplantation, cardiac, or neurological operations. Major hemorrhage was defined as bleeding necessitating transfusion of Ͼ4 U of packed red blood cells or whole blood. Stroke was defined as focal brain dysfunction lasting Ն24 hours from a vascular cause. A diagnosis of myocardial infarction required new ECG Q waves. Outcomes were assessed from surgery until 30 days afterward. Among 651 775 patients who underwent surgery, 5233 (0.80%) experienced major hemorrhage, 1575 (0.24%) developed Q-wave myocardial infarction, and 1321 (0.20%) suffered a stroke. In Cox proportional hazards analyses controlling for vascular risk factors, illness severity, and type of surgery, hemorrhage was independently associated with subsequent stroke (hazard ratio, 2.5; 95% confidence interval, 1.9 -3.3) and subsequent Q-wave myocardial infarction (hazard ratio, 2.7; 95% confidence interval, 2.1-3.4). Interaction terms revealed no significant variation in these associations by age, sex, or type of surgery. Our results were robust across multiple sensitivity analyses. Conclusions-Major perioperative hemorrhage is associated with subsequent stroke and myocardial infarction in patients undergoing noncardiac, nonneurological surgery. This suggests the need for randomized trials to guide perioperative use of antiplatelet drugs, which affect the risk of both bleeding and vascular events. (Circulation. 2012;126:207-212.)
S troke and myocardial infarction (MI) are serious complications of surgery. Perioperative stroke and MI are associated with a mortality rate of 12% to 25% 1,2 compared with 2% mortality after uncomplicated major surgery. 3 MI occurs after Ϸ1.5% of operations, 1 and perioperative stroke affects up to 7 of every 1000 surgical patients. [2] [3] [4] With Ͼ200 million operations occurring globally each year, 5 perioperative stroke and MI cause significant morbidity and mortality and therefore represent important targets for improving surgical outcomes.
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Rates of stroke and MI may be reduced by optimizing perioperative use of antiplatelet agents such as aspirin and clopidogrel. Antiplatelet drugs are frequently stopped before surgery because of concerns about bleeding, 6, 7 but their cessation has been associated with increased risk of stroke and MI. 8 -10 Two recent randomized trials of perioperative aspirin therapy lacked power to detect meaningful differences in rates of MI, stroke, and bleeding. 11, 12 Therefore, decisions about discontinuing antiplatelet agents before surgery must rely on clinical judgment and guidelines based largely on observational data. Current guidelines recommend balancing the risks of ischemic and hemorrhagic complications when making decisions about perioperative antiplatelet therapy. 13, 14 This assumes that bleeding does not affect the risk of ischemia and that patients can be identified who are at higher risk of 1 complication than the other. However, hemorrhage has been associated with higher rates of recurrent MI in patients with acute coronary syndrome, 15, 16 and risk factors for stroke and hemorrhage overlap in patients with atrial fibrillation. 17 Robust data are unavailable on the relationship between hemorrhage and the risk of stroke or MI in the general surgical population. An association between perioperative bleeding and stroke or MI would raise the possibility that ischemic events precipitated by bleeding could in certain cases outweigh the antithrombotic benefits of antiplatelet agents. Therefore, we examined the relationship between perioperative hemorrhage and stroke or MI in a large cohort of patients undergoing surgery.
Methods

Design
We assessed the relationship between major perioperative hemorrhage and stroke or MI in a cohort of patients prospectively assembled from 2005 through 2009 by the American College of Surgeons National Surgical Quality Improvement Program (NSQIP). NSQIP has developed a national registry to promote quality improvement by providing comparisons of risk-adjusted surgical outcomes among centers with a range of surgical volume and subspecialty expertise. 18 The number of participating centers grew from 121 in 2005 to 237 in 2009. Our analysis involved only deidentified data from these centers and was therefore exempt from evaluation by our institutional review boards. This report of our study is consistent with guidelines from the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Consortium. 19 
Patients
The NSQIP cohort comprises a systematic sample of all patients undergoing surgery under general, spinal, or epidural anesthesia and all patients undergoing endovascular repair of abdominal aortic aneurysms. Trauma and transplant cases are excluded. For our analysis, we excluded pediatric patients (age Ͻ18 years). We used the NSQIP designations of surgical type to exclude patients undergoing cardiac surgery because they face distinct, procedure-specific risks of perioperative stroke and MI. 20, 21 We also excluded patients undergoing neurological surgery because they often have postoperative neurological deficits from causes other than ischemia, thereby potentially clouding the diagnosis of perioperative stroke. In addition, we excluded patients undergoing carotid endarterectomy because aspirin has a proven role in these patients. 22 Finally, because our underlying interest lay in decisions about perioperative antiplatelet therapy, we excluded cases of emergency surgery, for which such decisions are not applicable.
Measurements
Trained reviewers at centers participating in NSQIP collect data by a variety of methods, including medical chart review, discussions with healthcare providers, and telephone interviews with patients. Data are abstracted and coded by the use of standardized definitions. All reviewers undergo a uniform training program, and data from each center are subject to audit. The most recent audit showed Ͼ98% interrater agreement for all assessed variables. 18 This high rate of interrater agreement has been confirmed in independent reviews. 23, 24 Prior work has shown outcome measures in the NSQIP database to be more reliable than commonly used administrative data. 25 To control for potential confounders in the relationship between bleeding and stroke or MI, we analyzed previously reported risk factors for perioperative bleeding, 26 stroke, 20 and MI 27 using relevant variables as defined in the NSQIP database. 18 Prior transient ischemic attack was defined as a transient focal neurological deficit of sudden onset reflecting a cerebral vascular distribution. Prior stroke was defined similarly but required more persistent deficits. Coronary heart disease reflected MI within the 6 months before surgery, angina within the month before surgery, or any history of percutaneous coronary intervention. The definition of congestive heart failure required evidence of heart failure within the month before surgery. Hypertension was defined as blood pressure persistently Ͼ140/ 90 mm Hg or antihypertensive therapy for Ͼ1 month before surgery. A diagnosis of diabetes mellitus required treatment with oral hypoglycemic agents or insulin. Renal insufficiency was determined by a preoperative creatinine level Ͼ2 mg/dL or a history of dialysis. 27 We defined anemia as preoperative hematocrit Ͻ36% in women and Ͻ39% in men based on World Health Organization criteria. 28 Chronic obstructive pulmonary disease encompassed emphysema or chronic bronchitis resulting in functional disability, hospitalization, chronic bronchodilator therapy, or a diagnostic pulmonary function test. A diagnosis of peripheral vascular disease required rest pain, ischemic ulceration, or revascularization or amputation. Bleeding disorders included known clotting deficiencies such as thrombocytopenia and long-term anticoagulation therapy that was not stopped before surgery. Tobacco use was determined by self-report of active cigarette use in the year before surgery. Patients' overall degree of morbidity was categorized according to the American Society of Anesthesiologists' illness severity classification. 29 To account for the type of surgery when examining the relationship between perioperative bleeding and stroke or MI, we reviewed Current Procedural Terminology codes and case descriptions to identify high-risk cases, defined as intraperitoneal, intrathoracic, or suprainguinal vascular surgery based on the validated classification from the Revised Cardiac Risk Index. 27 In sensitivity analyses, we used alternative classifications of surgical type based on other widely accepted definitions of high-risk surgery 30, 31 and the NSQIP classification of cases as head and neck, general, gynecologic, ophthalmologic, oral, orthopedic, plastic, thoracic, urologic, or vascular surgery.
Our exposure of interest was major hemorrhage requiring transfusion of Ͼ4 U of packed red blood cells (PRBCs) or whole blood based on the NSQIP definition 18 and consistent with the quantity of blood loss in typical major surgical hemorrhages. 32 Our primary outcomes were stroke and MI during surgery or within 30 days after surgery. NSQIP defines perioperative MI as acute transmural infarction manifesting in new Q waves on an ECG and perioperative stroke as focal brain dysfunction lasting Ն24 hours from a vascular cause. 18 This definition of stroke encompasses intracranial hemorrhage, 18 but we considered it a reliable surrogate of ischemic stroke because hemorrhagic strokes make up only 1% of perioperative strokes. 33, 34 
Statistical Analyses
Descriptive statistics with exact binomial confidence intervals were used to report the proportion of patients with major hemorrhage, stroke, and MI. Kaplan-Meier survival statistics and the log-rank test were used to compare cumulative rates of stroke or MI within 30 days of surgery among patients with and without major hemorrhage. Patients were censored at the time of stroke, MI, or death, and bleeding events occurring on the same day or afterward were not included as exposures in our analysis. We used multivariable Cox proportional hazards models to examine the independent association between hemorrhage and subsequent stroke or MI. On the basis of previously published reports, 20, 26, 27 the following covariates were included a priori as potential confounders in our models: age, sex, race, coronary heart disease, prior stroke or transient ischemic attack, congestive heart failure, peripheral vascular disease, hypertension, diabetes mellitus, renal insufficiency, chronic obstructive pulmonary disease, anemia, bleeding disorders, smoking, American Society of Anesthesiologists classification, and type of surgery. Because our goal was to isolate the relationship between hemorrhage and stroke or MI, not to develop a parsimonious prediction model, all covariates were left in place regardless of statistical significance. We examined interaction terms to determine whether the association between bleeding and stroke or MI varies by age, sex, or type of surgery. To test the validity of the proportional hazards assumption, we also examined hemorrhage as a time-dependent covariate and visually inspected regressions of Schoenfeld residuals over time.
To explore causality, we used data on the specific number of units of PRBCs or whole blood administered intraoperatively to determine whether a dose-response relationship exists between the severity of bleeding and the risk of stroke or MI. To address the possibility that some diagnoses of hemorrhage represented transfusions for anemia in the absence of major bleeding, we performed a sensitivity analysis that excluded patients with preoperative anemia because they are more likely to receive transfusions in the absence of bleeding, and we defined major hemorrhage only by the receipt of Ͼ4 U of PRBCs or whole blood intraoperatively, a setting in which this quantity of transfusion is highly likely to be related to hemorrhage. 35 Unless otherwise specified, the threshold of statistical significance was a 2-sided ␣ of 0.05. All analyses were performed with Stata SE (Version 11, StataCorp, College Station, TX).
Results
From cases included in NSQIP from 2005 through 2009, we excluded 97 940 emergency surgeries, 8709 neurological surgeries, 3395 cardiac surgeries, 1374 surgeries on patients Ͻ18 years of age, and 179 carotid endarterectomies. We excluded 36 observations (0.006%) with missing values for sex and 2214 observations (0.3%) with missing American Society of Anesthesiologists status. Sensitivity analyses were performed with diagnoses of anemia or renal insufficiency assigned to all or none of the patients with missing values for preoperative hematocrit (15%) or preoperative creatinine (21%) levels to assess the range of possible bias from nonrandom missing laboratory values. There were no missing values for the other variables used in this analysis.
Of the 651 775 patients who were eligible for our analysis (Table 1) , 1575 patients (0.24%; 95% confidence interval [CI], 0.23-0.25) experienced a perioperative Q-wave MI, 1321 patients (0.20%; 95% CI, 0.19 -0.21) suffered a perioperative stroke, and 2855 patients (0.44%; 95% CI, 0.42-45) developed the composite end point of stroke or Q-wave MI. The rate of stroke or Q-wave MI ranged from 0.08% (95% CI, 0.07-0.09) among younger patients (age Ͻ75 years) without vascular risk factors to 2.9% (95% CI, 2.5-3.3) among patients with Ն5 risk factors. Perioperative bleeding occurred in 5233 patients (0.80%; 95% CI, 0.78 -0.83), of whom 34% returned to the operating room after their initial surgery. Bleeding preceded vascular events by at least 1 day in most (71%) of the 184 patients with both perioperative bleeding and stroke or Q-wave MI.
In survival analysis, the cumulative rate of stroke or Q-wave MI after major hemorrhage (2.62%; 95% CI, 2.21-3.11) was significantly higher than the rate among patients without hemorrhage (0.42%; 95% CI, 0.41-0.44; PϽ0.001 by the log-rank test; the Figure) . In Cox proportional hazards analysis, hemorrhage was independently associated with subsequent stroke (hazard ratio, 2.5; 95% CI, 1.9 -3.3), subsequent Q-wave MI (hazard ratio, 2.7; 95% CI, 2.1-3.4), and a composite of subsequent stroke or Q-wave MI (hazard ratio, 2.6; 95% CI, 2.2-3.1). There appeared to be a doseresponse relationship between the severity of bleeding and the risk of subsequent stroke or Q-wave MI (hazard ratio for each unit of intraoperative PRBCs or whole blood transfused, 1.11; 95% CI, 1.10 -1.13). Interaction terms did not reveal significant variation in the association between hemorrhage and subsequent stroke or Q-wave MI by age, sex, or type of surgery. There was no evidence of a violation of the propor-tional hazards assumption in any of our models. Our results were robust across multiple sensitivity analyses ( Table 2 ).
Discussion
In a large cohort of surgical patients, we found a strong association between major perioperative hemorrhage and subsequent stroke and MI. This association partly reflects shared risk factors such as older age and medical comorbidities. However, the relationship persisted after such confounders were controlled for, and there appeared to be a doseresponse relationship between the severity of bleeding and the risk of stroke or MI, suggesting that perioperative hemorrhage may play a causative role in vascular events.
Our results should be interpreted in light of the limitations of this study. First, we lacked information on perioperative antiplatelet drugs and cannot comment on their effects on the risks of bleeding, stroke, and MI. Randomized clinical trials 
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are required to clearly delineate the risks and benefits of perioperative antiplatelet therapy. Second, the NSQIP classification of perioperative stroke includes hemorrhagic and ischemic stroke, thereby potentially clouding our definition of perioperative ischemic events. However, this is unlikely to have significantly affected our results because perioperative strokes are predominantly ischemic, with intracranial hemorrhages accounting for only 1% of perioperative strokes. 33, 34 Third, the rate of MI in our study was lower than in prior analyses, 1 indicating that we likely underestimated the total number of MIs because the stringent NSQIP definition limited this end point to severe infarction manifesting in ECG Q waves. Our findings may have differed if we had had access to more sensitive measures of MI such as biomarkers of myocardial necrosis. Fourth, we lacked certain data on patients' intraoperative courses-such as data on blood pressure, use of vasopressor therapy, or platelet transfusionsthat may have shed additional light on the relationship between perioperative hemorrhage and stroke or MI. Fifth, we were unable to account for clustering within individual surgical centers, and such an analysis may have produced different results. Finally, our results may be confounded by the adverse effects of blood transfusions given for anemia in the absence of major bleeding. However, although clinicians commonly administer 1 to 2 U of PRBCs for anemia, a single transfusion of Ͼ4 U is unlikely to occur outside the setting of major hemorrhage. 32, 35 To further guard against misclassification of hemorrhage, we performed sensitivity analyses limited to large intraoperative transfusions in patients without baseline anemia, and our results remained unchanged. In addition, recent observational and randomized studies have not found a higher rate of cardiac or neurological complications in surgical patients receiving 1 to 2 U of PRBCs for anemia, 35, 36 which suggests that our results are not due simply to confounding from blood transfusions. Our findings highlight the need for randomized clinical trials to determine the optimal strategies for perioperative antiplatelet therapy. Current practice depends on clinical judgments about the relative risks of bleeding and ische-mia. 13, 14, 37 However, if perioperative bleeding independently increases the risk of stroke or MI, perioperative antiplatelet drugs may in some cases cause excessive bleeding that in turn increases thrombotic risk, thus outweighing the beneficial antithrombotic effects of the drugs. On the other hand, despite their tendency to increase surgical bleeding, 6, 7 antiplatelet drugs have benefits that may outweigh the deleterious effects of hemorrhage. This is likely the case for some patients with recently implanted coronary stents 8 but remains unknown for other groups such as those with prior stroke or coronary heart disease without coronary stents. 14 Two recent trials of perioperative aspirin therapy were underpowered to fully resolve these uncertainties. 11, 12 However, Ͼ200 million patients worldwide undergo surgery each year, and a substantial number face the morbidity and mortality of perioperative MI and stroke, so adequately powered randomized trials of cheap and readily available drugs such as aspirin are both necessary and feasible. *This model controlled for only age, sex, and race. Patients were censored at the time of stroke, MI, or death, and bleeding events occurring on the same day or afterward were not included as exposures in our analyses. A diagnosis of major perioperative hemorrhage required intraoperative or postoperative administration of Ͼ4 U of packed red blood cells or whole blood.
†This model controlled for age, sex, race, coronary heart disease, prior stroke or transient ischemic attack, congestive heart failure, peripheral vascular disease, hypertension, diabetes mellitus, renal insufficiency, chronic obstructive pulmonary disease, anemia, bleeding disorders, smoking, American Society of Anesthesiologists classification, and type of surgery. Missing creatinine (15%) and hematocrit (21%) values were assumed to be normal. ‡Patients with preoperative anemia were excluded, and a diagnosis of major hemorrhage required intraoperative administration of Ͼ4 U of packed red blood cells.
§Patients with missing preoperative creatinine values were assumed to have renal insufficiency.
Patients with missing preoperative hematocrit values were assumed to have anemia.
¶Instead of the definition of high-risk cases from the Revised Cardiac Risk Index, 27 alternative classifications of surgical type were used. Results shown are from an analysis using the National Surgical Quality Improvement Program classification of surgical type; analyses using other classifications yielded nearly identical results. 30, 31 
